I. INTRODUCTION
HIELDING from electromagnetic interference is a major S consideration in many of today's electronic systems. Because of this, it becomes important to characterize many of the imperfections that may occur due to certain design necessities. Although there has been an enormous amount of analysis done in this area, there has been virtually no work involving line penetrations of apertures. In this paper, we consider the shielding properties resulting from a wire penetrating a perfectly conducting screen.
Another possible application of line penetration problems is in the field of high-speed integrated circuits. The penetration can be thought of as a simplified model of a via structure within a circuit. It is important in many circuit applications to retain the shape and amplitude of the incident current pulse; therefore, the effects of via structures on transient pulses are a major concern to high-speed circuit designers.
To simplify an otherwise complex problem, we consider the idealized geometry in Fig. 1 . The wire is infinitely long and centered in a circular aperture; the screen extends to infinity in the radial direction. Both the wire and screen are assumed to be perfectly conducting. We specify the radius of the wire to be a and the radius of the aperture to be b. We choose a cylindrical coordinate system centered such that ( p , z ) = (0, 0) corresponds to the center of the wire in the plane of the aperture. This choice divides the problem into two regions.
Region 1 consists of the half space z < 0; Region 2 consists of the half space z > 0. We specify the source to be in Region 1. We have assumed free space ( p = po, E = EO) in both regions. The resulting geometry is 4 symmetric. To simplify the problem, we assume our source to also be $ symmetric. If Manuscript received March 20, 1989; revised August 16, 1989. we further assume that the source is represented by a magnetic current source M+, only the T M modes with respect to the z direction (TM,) are excited. The frequency domain analysis for this problem is given in [I] . We therefore include only the major results in this paper. In the time domain, our main concern is the current penetration into Region 2 due to a transient pulse from Region 1. This requires that we obtain a solution for the current in the time domain. Techniques such as time domain finite-difference methods are unsuitable for this problem because our geometry is an open structure, thereby introducing complications in the truncation of the finite-difference grid. Other methods that utilize integral equations in the time domain may be applied to this problem, but since we already have a means of solving for the current in the frequency domain, it becomes advantageous for us to use the inverse Fourier transform to calculate the time domain current from the frequency domain data. To accomplish this, we multiply the frequency spectrum of the current by the frequency spectrum of the input pulse and evaluate the inverse Fourier transform of the result using an inverse fast Fourier transform (IFFT) where Vz, is the Laplacian with respect to p and z , and k is the wavenumber given by k = om;. The eiw' time variation has been suppressed. We have idealized our source to produce an incident TEM wave, which induces a TEM current on the wire. The mathematical description of the source is where -Zoeikd7/n is the strength of the magnetic current source that produces an incident TEM current on the wire given by
The variable d is the distance between the source and the aperture. Although this source is not physically realizable because it produces infinite energy, the resulting incident wave is much easier to analyze. In reality, a TEM wave cannot be excited on a single wire. Instead, a quasi-TEM incident wave would be produced from a physical source. From 131, it was shown that for the region p << d , the TEM wave provides an excellent approximation for the quasi-TEM wave. Since d can be chosen to be large (far from the aperture), we feel that the TEM approximation for the current on the wire is valid. This leads to the following equations for H+ in each region:
where 17 is the free-space impedance given by 17 = @, and EA(^') is the electric field in the plane of the aperture. The Green's function gl for Region 1 is 
We can obtain an expression for the current on the wire from our magnetic field expression by using the relation
where 3, is the surface current density on the wire, and A is the unit vector normal to the surface of the wire. Since our magnetic field is q5 directed and A points in the j direction, the surface current density is z directed. To find the current Z(z) on the wire, we integrate J,, along the surface of the wire. This gives us the following expressions for the current in both regions:
To solve for the current on the wire, we must first determine the aperture field. In [ 11, a method-of-moments solution for the aperture field is presented. The aperture field is approximated as follows:
where the ai's are coefficients that are determined by the method-of-moments solution. Pj(p') are nonuniform pulse functions, which are defined by where U , and V j denote the upper and lower limits of the jth pulse. The nonuniform pulse functions allow us to accurately model the edge singularity at p : b since the width of the pulse functions can be decreased as we approach the edge.
The integer N specifies the number of pulse functions used to approximate the aperture field. Delta functions located at the center of each pulse are used as the weighting functions in our method-of-moments calculations.
By using our method-of-moments solution for the aperture field, we can obtain an expression for the current in terms of a sum of integrals. Since our main interest is the current in Region 2, we will only consider that region. Substituting (lo) into (9), we obtain the following equation for the current in 
TRANSIENT PULSE
The transient pulse we have chosen is the double exponential pulse. The time domain expression for this pulse is given by
where u ( t ) is the unit step function, and A0 is a normalization constant whose value is such that the maximum of f ( t ) is 1.
The expression for A0 is
The values of CY and determine the shape and frequency spectrum of the transient pulse. We will consider two cases.
In the first case (Fig. 2) , we choose CY = 1 x lo7 and p = 1 x lo*. This gives us a frequency spectrum (Fig. 3) whose value drops approximately 50 dB as the frequency goes from dc to 100 MHz. For the second case (Fig. 4) , we choose CY = 2 x lo9 and p = 3 x lo9. In this case, the frequency spectrum (Fig. 5) drops 50 dB over a frequency range from dc to 7 GHz. Because the frequency content for the case is frequency (x107 Hz) . Frequency spectrum of the high-frequency pulse much higher relative to the previous case, we refer to this pulse as the high-frequency pulse and to the previous case as the low-frequency pulse. In addition, we note that the rise and fall times of the pulse along with its width decrease as the values of CY and /3 increase.
The numerical IFFT algorithm requires that we truncate the frequency spectrum. To reduce the errors, the point of truncation is chosen such that the magnitude of the frequency spectrum of the pulse is negligible after this point. For the low-frequency pulse, we choose the points of truncation to be at f = 255 MHz. Similarly, we truncate the spectrum at f = 8.0 GHz for the high-frequency pulse. Because the magnitude of the spectrum at the truncation points is at least 50-dB down relative to the magnitude at f : 0, the errors can be shown to be small. Note that for cases where the spectrum of the input pulse has a wide bandwidth, we must evaluate the current at higher frequencies. Since the computation time increases significantly as frequency increases, this method of evaluating the transient current becomes more inefficient as the bandwidth of the pulse increases.
Iv. TRANSIENT CURRENT RESPONSE
Using the expression for the current given in (12), we compute the current at four locations on the wire for the lowfrequency pulse and at three locations on the wire for the high-frequency pulse. Three aperture sizes are considered for both cases. In all the results, we set the radius of the wire to be 1 cm. To obtain our time domain solution, we divide the frequency spectrum into a number of equally spaced intervals. The IFFT routine requires that the total number of frequency points must be a power of two. For the low-frequency pulse, we consider frequencies ranging from dc to 255 MHz using 255 frequency intervals.
The resulting time domain response to the low-frequency pulse is shown in Figs. 6 through 8. On the y axis, i(t) is the time domain current normalized by the factor I O . The associated frequency spectra for the current, calculated from the method-of-moments solution given by (12), are shown in Figs. 9 through 11. The four curves on each plot represents observation points from z = 0.1 ni to z = 100 m. The time dependence has been adjusted such that the point t = 0 corresponds with the incident pulse being at the aperture ( z = 0).
It is interesting to note that the size of the aperture has almost no effect on the pulse. This is due to the quasi-TEM behavior of the current at the lower frequencies. From these f r e q u e n c y (x107 HZ) figures, we also note that the current decays very slowly as it propagates down the wire. Even at a distance of 100 m from the aperture, the pulse amplitude is still at 80% of its initial value. In addition, in applications other than shielding, there are concerns about the distortion in the shape of the incoming transient pulse. For the case of the low-frequency pulse, we observe that this distortion is negligible. There is no noticeable change in either the rise or fall times of the current pulse as it propagates down the wire. For the high-frequency pulse, we consider frequencies ranging from dc to 8 GHz using 255 frequency intervals. The time domain solutions are given in Figs. 12 through 14. The associated frequency spectra for the current are given in Figs. 15 through 17. As the current propagates down the wire, there is a much greater degradation in the amplitude of the pulse as compared with the low-frequency case. Due to the numerical problems encountered when evaluating the integral for large values of k z , we consider observation points that are closer f r e q u e n c y (x109 Hz)
current from dc to 8 GHz ( b / a = 5 ) .
f r e q u e n c y (>;lo9 Hz) to the aperture than in the low-frequency case. These points are located at z = 0.01, 0.1, and 1.0 m. Contrary to the lowfrequency case, we see that the aperture size has a substantial effect on the peak current. For example, the peak amplitude of the current just 1 cm from the aperture is only 70% of its initial value for b / a = 1.01, whereas it is still 95% of its initial value for b / a = 5.0.
Unlike the low-frequency case, the screen causes a distortion in the shape of the transient pulse. This dispersive effect is expected since the high-frequency content of the pulse is attenuated at a different rate than the low-frequency content of the pulse. We also see that the rise and fall times of the pulse are dependent on the size of the aperture. As the aperture size decreases, the width of the pulse increases. Table I provides a  table of There are two possible factors that may cause attenuation in our current pulse as it penetrates into Region 2 . The first factor is the reflection of the current pulse as it initially becomes incident on the screen. The second factor is radiation loss as the current propagates down the wire. For the lowfrequency case, both of these factors are insignificant. Even for very small aperture sizes, the reflection from the screen is negligible, and the penetration into Region 2 is almost total. Because of the quasi-TEM behavior of the fields, the attenuation of the current pulse as a function of z is very slow. This indicates that the amount of radiation loss is small as the current propagates down the wire. An analytical description for the current is given in [5] , where the asymptotic case for large kz is considered. The expression shows that the current decays logarithmically as a function of z. Since the quasi-TEM behavior of the fields is not as dominant at the higher frequencies, we expect greater reflections from the screen when we consider the high-frequency pulse, resulting in less current penetration into Region 2 . This can be seen in Figs. 11 through 13, where there is an initial loss in the peak current at z = 0.01 m from its initial value of one at z = 0.0 m. We also expect greater radiation losses. This is especially evident in Fig. 13 ( b / a = 5), where because of the large aperture size, most of the attenuation is due to radiation. If we examine Fig. 17 , we see that there are tiny ripples on the trailing edge of each of the curves. We believe that these ripples are caused by the resonance of the aperture. Because this resonance is only excited when the aperture is electrically large, the ripples are only evident in the high-frequency pulse for b / a = 5.0.
V. CONCLUSIONS
In this paper, we presented a transient analysis of the current along a wire penetrating a circular aperture. We first formulated the problem in the frequency domain. We began by evaluating a method-of-moments solution for the electric field in the aperture. Once this was done, we obtained a solution for the current on the wire in terms of the electric field in the aperture. The current was evaluated over a range of frequencies where the range depended on the characteristics of the input pulse; namely, the range of frequencies increased as the input pulse width decreased. Results were then presented for the current using two (different input pulses. Both the aperture size and wire position were varied to show their effects on the current pulse. We observe that even for very small apertures, the effect of the screen on the low-frequency pulse is negligible. The current basically behaves as a TEA4 current in this case.
As the pulse width decreases, the effect of the screen becomes more prominent. For the high-frequency case, the pulse is significantly affected by the screen. Unlike the lowfrequency pulse, the amplitude of the high-frequency pulse is dependent on the aperture size. Even for large apertures, the attenuation becomes significant as the current propagates down the wire. The effect of the screen on the shape of the input pulse is also considered. We showed that as the width of the input pulse decreases, the distortion in the pulse shape becomes more pronounced. This effect is especially important in applications related to high-speed integrated circuits.
